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Abstract  25 

In this study, we developed Lactobacillus rhamnosus GG (LGG)-encapsulating exfoliated 26 

bentonite/alginate nanocomposite hydrogels for protecting probiotics by delaying gastric fluid 27 

penetration into the nanocomposite and their on-demand release in the intestine. The pore size 28 

of the bentonite/alginate nanocomposite hydrogels (BA15) was two-fold smaller than that of 29 

alginate hydrogel (BA00). Following gastric pH challenge, the survival of LGG in BA15 30 

decreased by only 1.43 log CFU/g as compared to the 6.25 log CFU/g decrease in alginate 31 

(BA00). Further, the internal pH of BA15 decreased more gradually than that of BA00. After 32 

oral administration in mice, BA15 maintained shape integrity during gastric passage, followed 33 

by appropriate disintegration within the target intestinal area. Additionally, a fecal recovery 34 

experiment in mice showed that the viable counts of LGG in BA15 were six-fold higher than 35 

those in BA00. The findings suggest the exfoliated bentonite/alginate nanocomposite hydrogel 36 

as a promising platform for intestinal delivery of probiotics.  37 

Keywords: probiotics; alginate; bentonite; nanocomposite; gastric pH resistance; intestinal 38 

delivery 39 

40 
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1. Introduction 41 

Probiotics are live microorganisms with beneficial health effects for hosts when administered 42 

in adequate amounts (Hill et al., 2014). Within the past decade, probiotics gained increased 43 

attention for their potential to positively alter the composition of the gut microbiome, which 44 

refers to the multitude of microorganisms residing within the intestines and affecting bodily 45 

functions, as well as gastrointestinal health, disease status, and emotions (Cammarota, Ianiro, 46 

Bibbò, & Gasbarrini, 2014; Foster & McVey Neufeld, 2013; Shreiner, Kao, & Young, 2015). 47 

Probiotics are therapeutic candidates for diseases, such as diarrhea, irritable bowel syndrome, 48 

and cancer (Sanders et al., 2013). However, to exert their beneficial health effects within the 49 

host, the survival of probiotics must be ensured until they reach the target intestinal area, which 50 

represents a challenge (Cook, Tzortzis, Charalampopoulos, & Khutoryanskiy, 2012), as most 51 

probiotics are inactivated or killed during gastric passage due to exposure to the extremely low 52 

gastric pH (Lo Curto et al., 2011). To overcome this, probiotic delivery systems, which protect 53 

probiotics from harsh environmental conditions and enable their release to the target area have 54 

been extensively studied (J. Kim, Muhammad, Jhun, & Yoo, 2016).  55 

Microencapsulation using alginate hydrogel is an advantageous probiotic delivery 56 

system owing to the mild manufacturing process, ease of gelation, and pH-dependent 57 

disintegration behavior. Nevertheless, the development of a successful alginate-based probiotic 58 

delivery system has remained a challenge due to the easy penetration of hydrogen ions into the 59 

porous hydrogel, the structure of which is weakened in the presence of monovalent ions, such 60 

as Na+ or K+ (Lee & Mooney, 2012; Minekus et al., 2014). Thus, coating of the alginate 61 

hydrogel with a layer of cationic materials, such as chitosan, has been employed. Chitosan 62 

coating reduced the pore size of alginate hydrogels and efficiently delayed the intracellular pH 63 



4 

 

drop of encapsulated probiotics in gastric pH conditions. The enhanced viability of 64 

Bifidobacterium breve in chitosan-coated alginate gel has also been reported (Cook, Tzortzis, 65 

Charalampopoulos, & Khutoryanskiy, 2011). The protective effects of coating against gastric 66 

pH were reinforced when multi-layer coating has been previously applied (Cook, Tzortzis, 67 

Khutoryanskiy, & Charalampopoulos, 2013). However, laborious coating and washing steps 68 

need to be repeated throughout the layer-coating process, exposing probiotics to various 69 

environmental stress conditions during preparation and compromising their viability (Corcoran, 70 

Stanton, Fitzgerald, & Ross, 2008). Therefore, the development of an alginate hydrogel-based 71 

probiotic delivery system with sufficient protection against gastric pH, as well as a simple 72 

manufacturing process, remains challenging.  73 

Nanocomposite hydrogels based on nanocellulose, such as cellulose nanofibers and 74 

cellulose nanocrystals, have recently emerged as promising delivery platforms due to their 75 

favorable mechanical properties, biocompatibility, and high surface area (Hasan et al., 2020; 76 

Nascimento et al., 2018). In a nanocomposite hydrogel, nanocellulose serves as a reinforcing 77 

agent because of its capacity to interact with hydrophilic polymers, such as alginate, thereby 78 

effectively reducing the pore size of hydrogels. Additionally, the manufacturing processes of 79 

alginate- and nanocellulose-based nanocomposite hydrogels are simple and mild enough to 80 

allow for the encapsulation of live cells (M. Park, Lee, & Hyun, 2015). Probiotics encapsulated 81 

in alginate/cellulose nanofiber gels exhibited gastric pH resistance and intestinal release due to 82 

pH-controlled hydrogen-bonding (Zhang et al., 2018). Nanocomposites comprising alginate 83 

and cellulose nanocrystals enhance the gastric pH survival of probiotics compared alginate gel 84 

alone (Huq et al., 2017). However, these nanocomposite hydrogels increased the viability of 85 

probiotics by only <2 log CFU/g due to the hydrophilic nature of both nanocellulose and 86 
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alginate. Thus, there remains a need to sufficiently inhibit the penetration of gastric fluid into 87 

the nanocomposites. 88 

Clay comprises layered silicates, which cannot be penetrated by water molecules. Clay-89 

based nanocomposites have gained popularity due to their unique characteristics, including 90 

thixotropic gelling and amphoteric and high cation exchange properties. Bentonite, which 91 

originates from volcanic ash, is a smectite clay mainly composed of montmorillonite (Haider, 92 

Kausar, & Muhammad, 2016) and a generally-regarded-as-safe compound that has been widely 93 

used as a water barrier and filler for sustained drug release (J. H. Park et al., 2016; Rout & 94 

Singh, 2020). Nanocomposites based on montmorillonite and chitosan-g-polydimethylsiloxane 95 

exhibited decreased water permeability due to hydrogen bonding-based barrier formed by 96 

intercalation of chitosan into silicate galleries of montmorillonite (Depan, Kumar, & Singh, 97 

2008). Bentonite nanocomposites also served as oxygen barriers due to the arrangement of 98 

bentonite platelets (Mittal, 2014). Although bentonite nanocomposites have not been used as a 99 

probiotic delivery system, the immobilization of Lactobacillus casei onto micro-sized 100 

montmorillonite enhanced gastric pH survival by 1 log CFU/mL as compared to that in free 101 

cells (Li, Jiang, Chen, Wang, & Lin, 2014). Furthermore, bentonite- and alginate-based 102 

nanocomposites enhanced the thermal resistance of the fungus Beauveria bassiana (Batista et 103 

al., 2017).  104 

Here, we developed exfoliated bentonite/alginate nanocomposite hydrogels for 105 

protecting probiotics from the extremely acidic conditions during gastric passage and for their 106 

targeted delivery to the intestinal area. We hypothesized that exfoliated bentonite would 107 

transform the alginate hydrogels into a gastric fluid barrier by reducing their pore size 108 

following nanocomposite formation and promoting on-demand disintegration in the target 109 
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intestinal area. Lactobacillus rhamnosus GG (LGG), a widely used probiotic strain, was 110 

selected as a model probiotic. Nanocomposite hydrogel structures and the encapsulated LGG 111 

were observed via cryo-transmission electron microscopy (cryo-TEM). Internal pH changes in 112 

the nanocomposite hydrogels during incubation at gastric pH were measured. The protective 113 

effects of and intestinal release from the nanocomposite hydrogels were evaluated based on 114 

viable counts of LGG. Furthermore, we tracked the gastrointestinal distribution and 115 

disintegration behavior of the nanocomposite hydrogels in mice and subsequently evaluated 116 

gastric survival under ex vivo conditions and in vivo fecal recovery of LGG.   117 
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2. Materials and methods 118 

2.1. Materials 119 

Pure cultures of LGG (KCTC 5033) were purchased from The Korean Collection for Type 120 

Cultures (Jeongeup, Korea). De Man, Rogosa, and Sharpe (MRS) broth and peptone were 121 

purchased from BD Biosciences (San Jose, CA, USA). Sodium alginate (Mw 80,000–120,000 122 

Da, with a mannuronate:guluronate ratio of 1.56), bentonite (SiO2 63.02%; Al2O3 21.08%; 123 

Fe2O3 3.25%; FeO 0.35%; MgO 2.67%; Na2O/K2O 2.57%; CaO 0.65%; and H2O 5.64%), 124 

calcium chloride dihydrate (≥99%), silver nitrate (≥99%), sodium chloride (≥99%), sodium 125 

citrate tribasic (≥99%), sodium hydroxide (≥98%), vancomycin hydrochloride, and vegitone 126 

MRS agar were purchased from Sigma-Aldrich (St. Louis, MO, USA). Agar were purchased 127 

from Yakuri Pure Chemicals Co. Ltd. (Kyoto, Japan). Potassium phosphate dibasic (≥99%) 128 

and hydrochloric acid (35% in H2O) were purchased from Junsei Chemical (Tokyo, Japan). 129 

Poly(d,l-lactide-co-glycolide) (PLGA; lactide/glycolide = 50/50; MW: 50 kDa; ester end cap) 130 

was purchased from PolySciTech (Akina, Inc., West Lafayette, IN, USA). IR-780 iodide was 131 

purchased from Alfa Aesar (Ward Hill, MA, USA). All other reagents and solvents were of the 132 

highest grade commercially available. 133 

2.2. LGG preparation 134 

For the starter culture, a single LGG colony was inoculated into MRS media and cultured for 135 

12 h, after which 5 mL of the starter culture was transferred to 195 mL of MRS media and 136 

cultured for 12 h (37 °C, 220 rpm). LGG was harvested and washed twice with 0.1% peptone, 137 

followed by its re-dispersion in double-distilled water (ddH2O) for the encapsulation process.  138 
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2.3. LGG encapsulation in exfoliated bentonite/alginate nanocomposite hydrogels 139 

LGG was encapsulated in the nanocomposite hydrogels through an ionotropic gelation method. 140 

In brief, 3 g of sodium alginate was dissolved in 190 mL of ddH2O. Different concentrations 141 

of bentonite (5, 15, 45 mg/mL) were then added to the prepared alginate solution and mixed 142 

using a planetary centrifugal mixer for 60 min at 2000 rpm (ARM-310; Thinky Corporation, 143 

Tokyo, Japan). The prepared LGG (10 mL) (section 2.2) was added to each group of bentonite 144 

and alginate mixtures. The mixtures were extruded into a 0.15 M CaCl2 solution (pH 6.0) at a 145 

rate of 2 mL/min using an auto-injector (KD Scientific Inc., Holliston, MA, USA). After 146 

gelation, the hydrogels were harvested and washed thrice with ddH2O to remove excess CaCl2. 147 

After the washing steps, AgNO3 was used to confirm the removal of CaCl2. Alginate hydrogels 148 

were prepared as controls. The percentages of LGG encapsulated in the hydrogels were 149 

calculated based on the following equation:  150 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝐸𝐸𝐸𝐸𝑒𝑒 (%) =
LGG count after gelation

LGG count before gelation
 × 100 (%) 151 

2.4. Structural characterization of exfoliated bentonite/alginate nanocomposite hydrogels 152 

X-ray diffraction (XRD) patterns and Fourier transform infrared spectroscopy (FT-IR) spectra 153 

of raw bentonite, exfoliated bentonite/alginate nanocomposites, and alginate hydrogels were 154 

determined using a D8 ADVANCE system with Davinci (Bruker AXS Inc., Madison, WI, USA) 155 

and a Nicolet iS 50 FTIR spectrometer (Thermo Fisher Scientific, Indianapolis, IN, USA). 156 

Samples for cryo-TEM analysis were prepared, as previously described (Kim et al., 2017). 157 

Briefly, the nanocomposite hydrogels were mixed with 600 mM NaCl in 0.1 M acetic acid. The 158 

dense phase of the hydrogel was cryo-fixed in a Leica EM HPM100 high-pressure freezer 159 

(Leica Microsystems, Vienna, Austria) and stored in liquid nitrogen. After 5 days of freeze 160 
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substitution at −80 °C in anhydrous acetone containing 2% OsO4, the samples were slowly 161 

warmed to room temperature. After rinsing away the anhydrous acetone, the samples were 162 

embedded in an epoxy resin (Spurr's Low Viscosity embedding; Electron Microscopy Sciences, 163 

Hatfield, PA, USA). After infiltration, the epoxy-embedded dehydrated samples were 164 

polymerized for 24 h at 70 °C on a rotator, and the polymerized block was sectioned with a 165 

microtome (Leica Microsystems), and the sectioned samples were observed via TEM (JEM-166 

1011; JEOL, Tokyo, Japan). 167 

2.5. LGG survival at gastric pH 168 

Simulated gastric fluid was prepared, as previously described (Cook, Tzortzis, 169 

Charalampopoulos, & Khutoryanskiy, 2011). Briefly, 0.8 g of NaCl was dissolved in 395 mL 170 

of ddH2O. When the solution turned clear, the pH was adjusted to 2.0 using 1 M HCl, and 171 

ddH2O was added to a total volume of 400 mL. Each of the nanocomposite or alginate 172 

hydrogels (1 g) with encapsulated LGG was added to the gastric fluid. The hydrogels were 173 

incubated in the gastric fluid for 2 h (37 °C, 99 rpm). The hydrogels were disintegrated using 174 

10% citrate buffer. The survival of encapsulated LGG was determined by plate counting. 175 

2.6. Release of encapsulated LGG at intestinal pH 176 

The intestinal pH solution was prepared by dissolving 2.72 g of KH2PO4 in 385 mL of ddH2O, 177 

the pH was adjusted to 7.2 using 1 M NaOH, and ddH2O was added to a total volume of 400 178 

mL. Each hydrogel sample (2 g) was incubated in the intestinal pH solution for 4 h Samples 179 

(100 µL) were taken at different time points (0, 1, 2, 3, and 4 h). The release of LGG was 180 

evaluated by plate counting. The percentages of LGG released from the hydrogels were 181 

calculated based on the following equation:  182 
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% 𝐸𝐸𝑒𝑒 𝑟𝑟𝑒𝑒𝐸𝐸𝑒𝑒𝐸𝐸𝐸𝐸𝑒𝑒𝑟𝑟 𝐿𝐿𝐺𝐺𝐺𝐺 =
Count of released LGG

Initial LGG count
 × 100 (%) 183 

2.7. Internal pH measurements in gastric pH conditions  184 

To measure the internal pH of hydrogels in simulated gastric fluid using a pH probe meter, 185 

hydrogels were prepared via ionotropic gelation using a 24-round well plate as a casting mold. 186 

Bentonite and alginate were prepared at the same concentrations as BA15. After gelation, the 187 

hydrogels were washed thrice and cut in half, with the cut edges of the hydrogels placed under 188 

a flat-tip pH electrode, and simulated gastric fluid poured around them. The pH of the hydrogels 189 

was measured at different time points for up to 120 min. The temperature was maintained at  190 

37 °C using a thermostatic bath. 191 

2.8. Evaluation of LGG stability in hydrogels 192 

LGG-encapsulated hydrogels were stored at 4 °C or 25 °C for 2 weeks, and hydrogel samples 193 

were collected at different time points (0, 1, and 2 weeks). The collected samples were 194 

disintegrated using 10% citrate buffer, and LGG viability was determined via plate counting. 195 

2.9. Determination of LGG survival 196 

The viable counts of LGG were determined using a spread-plate-counting method. After 197 

sample treatment, 100 µL samples was serially diluted (from 100 to 10−7), plated onto MRS 198 

agar plates, and incubated at 37 °C for 48 h under anaerobic conditions. Finally, colonies on 199 

the MRS agar plates were enumerated. 200 
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2.10. Examination of exfoliated bentonite/alginate nanocomposite hydrogels in mice 201 

Animal experiments were performed according to the regulations of the Pusan National 202 

University Institutional Animal Care and Use Committee. Male ICR mice (8-week-old; 203 

weighing 30–35 g) were used. The mice were provided food and water and maintained at 25 ± 204 

3 °C on a 12:12-h light-dark cycle. Mice were divided into two groups (n =4/group): the BA00 205 

(control, alginate hydrogel) and BA15 (exfoliated bentonite/alginate nanocomposite hydrogel) 206 

groups.  207 

Ex vivo imaging of mouse gastrointestinal tract following administration of exfoliated 208 

bentonite/alginate nanocomposite hydrogels  209 

To track the gastrointestinal behavior of the nanocomposite (BA15) and alginate (BA00) 210 

hydrogels in mice, we used an in vivo imaging system (IVIS) (FOBI; Neoscience, Suwon, 211 

Republic of Korea) and near-infrared (NIR) fluorescence dye (IR-780)-loaded PLGA 212 

microparticles (NIR-MPs). The NIR-MPs were prepared via an oil-in-water emulsion solvent-213 

evaporation method and collected and loaded into BA00 and BA15. Single beads of BA00 or 214 

BA15 were the orally administered to each mouse. The mice were euthanized 30 min or 6 h 215 

after oral administration of the nanocomposites. Their gastrointestinal tracts were carefully 216 

collected and observed using IVIS. 217 

Ex vivo stomach survival test  218 

Mice were euthanized, and their gastric fluids were collected in conical tubes. Single beads 219 

(~20 mg) of BA00 and BA15 were added to 1.5 mL of the collected gastric fluids in each tube 220 

and incubated for 2 h at 37 °C with rotation. After incubation, the hydrogels were collected 221 

from the gastric fluid and disintegrated. The samples were serially diluted (1:10) and plated on 222 
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MRS agar plates supplemented with bromocresol green and vancomycin. The plates were then 223 

anaerobically incubated at 37 °C for 48 h. 224 

Fecal recovery of LGG  225 

Fecal recovery of LGG was assessed, as previously described (Hlaing et al., 2020), with 226 

modifications. Single beads of the alginate hydrogel (BA00) or the exfoliated 227 

bentonite/alginate nanocomposite (BA15) were administered to mice. After 24 h, the mice were 228 

housed individually, and their feces were carefully collected within 10 min of defecation. Each 229 

fecal sample was placed in a sterilized conical tube, weighed, and serially diluted with sterilized 230 

normal saline solution. The samples were plated on vegitone MRS agar plates supplemented 231 

with vancomycin hydrochloride and incubated at 37 °C under anaerobic conditions. After 48 h 232 

incubation, the colonies were enumerated by observing LGG colonies and color changes of 233 

bromocresol green in the vegitone MRS agar. Mice in the non-treated group were administered 234 

ddH2O via oral gavage. 235 

2.11. Statistical analysis 236 

Statistical analyses of all in vitro and in vivo data were performed using one-way and two-way 237 

analysis of variance, followed by the Bonferroni test, using GraphPad Prism software (v.5.0; 238 

GraphPad Software, Inc., LA Jolla, CA, USA). A p < 0.05 was considered statistically 239 

significant.  240 
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3. Results and discussion 241 

3.1. LGG encapsulation in exfoliated bentonite/alginate nanocomposite hydrogels 242 

Bentonite is layered silicates that can be dispersed at a nanoscopic scale through exfoliation 243 

when the appropriate polymers and/or mechanical forces are applied (Paul & Robeson, 2008). 244 

Since exfoliated bentonite forms a nanocomposite network after the migration of alginate 245 

polymers into the interlayer spaces of bentonite through vigorous mixing, the two key 246 

characteristics of bentonite, water impermeability and buffering properties, can be reinforced 247 

through exfoliation. The water impermeability offered by exfoliated bentonite could efficiently 248 

delay gastric fluid penetration and maintain the microenvironmental pH around the 249 

encapsulated probiotics. Exfoliated bentonite can also serve as a buffering material due to its 250 

reinforced amphoteric properties, resulting in the maintenance of microenvironmental pH. In 251 

this study, nanocomposite hydrogels containing LGG were fabricated via ionotropic gelation 252 

using Ca2+, followed by vigorous mixing with a planetary centrifugal mixer, as summarized in 253 

Scheme 1. The dissolved alginate polymers migrated along the interlayer spaces of bentonite 254 

due to the applied mechanical forces. After extrusion, alginate hydrogel was formed by the 255 

interaction between Ca2+ and the guluronic acid of alginate. Since Ca2+ ions can adsorb onto 256 

the surface of bentonite platelets due to cation-exchange properties (Jafarbeglou, Abdouss, 257 

Shoushtari, & Jafarbeglou, 2016), the interaction between Ca2+ and bentonite might partly 258 

contribute to the formation of nanocomposite hydrogel. Bentonite nanocomposites (in the form 259 

of flocculation, intercalation, and exfoliation) were observed via cryo-TEM. The exfoliation of 260 

bentonite was readily observed around the encapsulated probiotics. 261 
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 262 

Scheme 1. Schematic illustration of exfoliated bentonite/alginate nanocomposite hydrogel 263 

preparation. 264 

 Four different hydrogels (BA00, BA05, BA15, and BA45) were prepared with 265 

different concentrations of bentonite (Table 1). There were no significant differences between 266 

the sizes of BA00, BA05, and BA15; however, BA45 was slightly larger than the other 267 

hydrogels, possibly due to the viscous nature of the bentonite/alginate mixture during 268 

fabrication. A bentonite concentration of 45 mg/mL was the highest possible concentration that 269 

could be used in fabrication of the nanocomposite hydrogels. Further, the viscosity of the 270 

bentonite and alginate mixture was too high to allow for proper mixing and extrusion. All 271 

hydrogels were spherical in shape, with an opaque, gray color (Fig. 1). Moreover, there were 272 

no visible signs of bentonite leakage during the encapsulation process. Encapsulation 273 

efficiencies of BA15 and BA45 were slightly lower (~4%) than those of BA00 and BA05. This 274 

can be attributed to the high viscous nature of the bentonite/alginate mixtures for BA15 and 275 
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BA45, resulting in a small loss of the mixtures during the centrifugal mixing and extrusion 276 

processes. 277 

Table 1. Encapsulation of LGG in exfoliated bentonite/alginate nanocomposites and alginate 278 
hydrogels  279 

 Bentonite 
(mg/mL) 

Alginate 
(mg/mL) Size (mm) Encapsulated 

LGG (CFU/g) 
Encapsulation 
Efficiency (%) 

BA00 0 15 2.32 ± 0.07 10.37 99.7 

BA05 5 15 2.34 ± 0.07 10.32 99.5 

BA15 15 15 2.34 ± 0.10 9.91 95.6 

BA45 45 15 2.56 ± 0.08                                                                    9.91 95.6 

Alginate and bentonite concentrations (mg/mL), size (mm), encapsulated LGG (CFU/g), and 280 
encapsulation efficiency (%) were measured. Values are expressed as the mean ± SD. 281 

 282 

Figure 1. Optical photographs of exfoliated bentonite/alginate nanocomposite hydrogels with 283 
different concentrations of bentonite. Scale bar = 5 mm. 284 
 285 

3.2. Structures and pore sizes of the exfoliated bentonite/alginate nanocomposite 286 

hydrogels 287 

The penetration of gastric fluid into the highly-porous conventional alginate-based 288 

encapsulation systems for probiotics delivery significantly reduced probiotics viability in the 289 
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stomach and remains a major drawback. The penetration of gastric fluid is dependent on the 290 

pore size of hydrogels.  291 

We characterized the fabricated exfoliated bentonite/alginate nanocomposite 292 

hydrogels using XRD, FT-IR, and cryo-TEM. XRD is a widely used method for characterizing 293 

crystal structures. We found that the peaks of raw bentonite ~19.8°, ~22.0°, ~23.6°, and ~26.6° 294 

were diminished in the nanocomposite hydrogels as the layered structure of bentonite was 295 

exfoliated and transformed into an amorphous form (Fig. 2A). Interestingly, the peak ~7.38° 296 

shifted toward a lower angle. A previous study reported that this shift indicates an increased 297 

area between the layers of bentonite platelets due to intercalated alginate polymer chains  298 

(Zhang, Shi, Xu, Zhang, & Ma, 2020). Additionally, the peaks of alginate hydrogel ~1600 cm−1 299 

and ~1430 cm−1 shifted slightly or decreased due to the interaction between the carboxyl group 300 

of alginate and the edge of the bentonite (Fig. 2B) (Kevadiya, Patel, Joshi, Abdi, & Bajaj, 2010; 301 

Tong et al., 2019; Zhang et al., 2020). We then evaluated exfoliated bentonite, the alginate 302 

polymer, and encapsulated LGG by cryo-TEM (Fig. 2C). We observed exfoliated bentonite 303 

platelets around the encapsulated LGG as bentonite adhered onto the bacterial surface due to 304 

its high cation-exchange properties, with this process aided by the presence of cations, such as 305 

Ca2+. Electrostatic and Van der Waals interactions also contributed to the adsorption of 306 

exfoliated bentonite on the LGG surface. The localization of exfoliated bentonite near LGG is 307 

particularly important, as its barrier properties will force water molecules to detour around the 308 

platelets, resulting in a longer penetration path (Honorato et al., 2015).  309 

Next, we measured the pore sizes of the hydrogels (Fig. 2D) using the cryo-TEM 310 

images (Fig. 2E) for comparison with the alginate hydrogels. The pore size of BA00, an 311 

ionically cross-linked alginate hydrogel, was 212 ± 98 nm, which was consistent with results 312 
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obtained using atomic force microscopy (Schmid, Burkhard, Yeo, Zhang, & Zenobi, 2008). 313 

The pore sizes of BA05, BA15, and BA45 were 146 ± 67, 105 ± 56, and 52 ± 21 nm, 314 

respectively. Specifically, the pore size of BA15 was 49.5% lower than that of BA00. Pore-size 315 

reductions in the nanocomposite hydrogels could be caused by electrostatic interactions 316 

between exfoliated bentonite and alginate (Fig. 2B). Bentonite interacts with hydrophilic 317 

polymers via hydrogen bonding (Qureshi et al., 2021). In the case of alginate hydrogels and 318 

unlike the bentonite/alginate nanocomposite hydrogels, the space from which bentonite exited 319 

remained empty, thereby leaving a large pore size. Thus, the presence of exfoliated bentonite 320 

within the nanocomposite hydrogels reduced the pore size. 321 
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 322 

Figure 2. Characterizations of exfoliated bentonite/alginate nanocomposite hydrogels. (A) 323 
XRD, (B) FT-IR, and (C) cryo-TEM images of encapsulated LGG in exfoliated 324 
bentonite/alginate nanocomposite hydrogels. Red triangles indicate encapsulated LGG. Blue 325 
triangles indicate exfoliated bentonite. Scale = 2 µm. (D) Pore-size measurements of the 326 
hydrogels from the cryo-TEM images (n = 250). ***p < 0.0001 vs. each hydrogel. (E) 327 
Representative pores of the hydrogels from the cryo-TEM images. Scale = 200 nm. 328 
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3.3. Survival of LGG after gastric incubation 329 

The survival of administered probiotics is often impeded by an acidic pH ranging from 1.0 to 330 

2.5 (Evans et al., 1988). As the optimal pH for probiotics, such as Lactobacillus and 331 

Bifidobacterium, ranges from 5 to 9, it is challenging to maintain the pH homeostasis of 332 

probiotics during gastric passage, which leads to probiotic inactivation or death primarily due 333 

to the loss of enzymatic activity (Corcoran et al., 2008).  334 

We evaluated the survival of encapsulated LGG in hydrogels after 2 h incubation at 335 

gastric pH. The survival of LGG in alginate hydrogels (BA00) dropped from 10.37 to 4.12 log 336 

CFU/g, whereas the viability of LGG encapsulated in exfoliated bentonite/alginate 337 

nanocomposite hydrogels (BA05, BA15, and BA45) indicated greater survival (Fig. 3). The 338 

survival of LGG in BA15 and BA45 was 8.48 and 9.50 log CFU/g, respectively. The enhanced 339 

survival of encapsulated LGG can be attributed to the water-impermeability of exfoliated 340 

bentonite, which forces water molecules to detour around the bentonite platelets, thereby 341 

increasing the penetration length for the encapsulated LGG (Fig. S1). We excluded BA05 from 342 

further study, as >6 log CFU/g of probiotics were required when considering clinical effects 343 

and the population of the gut microbiome (Marteau, Pochart, Bouhnik, & Rambaud, 1993; 344 

Marteau & Shanahan, 2003). Taken together, exfoliated bentonite/alginate nanocomposite 345 

hydrogels could protect encapsulated LGG, possibly due to delayed gastric fluid penetration 346 

when compared to alginate hydrogels, which are porous and hydrophilic.  347 
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 348 

Figure 3. Survival of encapsulated LGG in exfoliated bentonite/alginate nanocomposite 349 
hydrogels at gastric pH (pH = 2). The mean number of viable cells is represented as log CFU 350 
± SD (n = 3). 351 

 352 

3.4. Release profiles of encapsulated LGG at intestinal pH 353 

Since orally administered probiotics have beneficial effects in the intestinal area such as the 354 

ileum and ascending colon (Holzapfel, Haberer, Snel, Schillinger, & Huis In'T Veld, 1998), 355 

they should be released from the delivery system upon reaching the intestine to exert their 356 

beneficial effects. In this study, the release of encapsulated LGG from nanocomposite 357 

hydrogels was evaluated at intestinal pH (Fig. 4). After 2 h of incubation, 78.5%, 42.2%, and 358 

3.5% of LGG was released from BA00, BA15, and BA45, respectively (Fig. 4A). Further, LGG 359 

encapsulated in alginate hydrogels (BA00) was completely released after 4 h of incubation.  360 

 As the release of probiotics depends on disintegration of the hydrogel network, we 361 

assessed the hydrogel-disintegration process (Fig. 4B). As the COOH group of alginate is 362 

ionized to COO− at intestinal pH, electrostatic repulsion of carboxylic groups leads to loosening 363 

of the network, resulting in an influx of water molecules, swelling of the hydrogel, and 364 
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subsequent release of the encapsulated probiotics. After 4 h, encapsulated LGG was completely 365 

released from BA00 and BA15, whereas only ~20% was released from BA45. The incomplete 366 

release of LGG from BA45 can be explained by the delayed disintegration of the 367 

nanocomposite hydrogel. At intestinal pH, the bentonite edges carry a negative charge, and the 368 

electrostatic attraction with alginate residues is weakened. Exfoliated bentonite maintains an 369 

interaction with alginate through hydrogen bonding, and the inclusion of intestinal fluid is 370 

limited by the reduced pore size, with both characteristics effectively reducing the maximum 371 

swelling capacity (Fig. S2) and delaying disintegration time by increased amounts of bentonite 372 

(Fig. 4B). Given that protection from gastric pH and probiotic release in the intestines are 373 

critical factors in the development of an efficient probiotic delivery system, we excluded BA45 374 

from further studies. 375 

 376 

Figure 4. Exfoliated bentonite/alginate nanocomposite hydrogels at intestinal pH. (A) Release 377 
profile of encapsulated LGG. Data represent the mean ± SD (n = 3). (B) Macroscopic images 378 
of the disintegration of the hydrogels. 379 

 380 
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3.5. Microenvironmental pH changes in the exfoliated bentonite/alginate nanocomposite 381 

hydrogels  382 

Maintaining the pH homeostasis of probiotics is critical for their survival and exerting 383 

beneficial effects in the host. Upon exposure to mild acidic conditions, the cellular adaptation 384 

process of probiotics, through which hydrogen ions are pumped out, facilitates maintenance of 385 

cytoplasmic pH homeostasis (Lorca, Raya, Taranto, & De Valdez, 1998; Sánchez et al., 2007). 386 

However, exposure of probiotics to extremely acidic milieu, such as gastric fluid, impairs this 387 

adaptive process, leading to a substantial reduction in probiotic viability (Hutkins & Nannen, 388 

1993). Therefore, it is important to assess whether changes in microenvironmental pH occur in 389 

the nanocomposite hydrogels.  390 

We observed changes in the internal pH of alginate (BA00) and nanocomposite 391 

hydrogels (BA15) throughout the 2 h incubation at gastric pH to predict the 392 

microenvironmental pH surrounding the encapsulated probiotics in the stomach (Fig. 5). After 393 

60 min, the internal pH of BA00 rapidly dropped below 3.0, indicating the insufficiency of the 394 

alginate hydrogel alone (highly porous and hydrophilic) to delay rapid pH changes within the 395 

microenvironment resulting from free diffusion of gastric fluid into the hydrogel. As a result, 396 

LGG encapsulated in BA00 was exposed to detrimental pH levels (pH < 3.0) for ≥60 min, 397 

whereas LGG encapsulated in BA15 was exposed to a gradual reduction in the internal pH due 398 

to the reduced pore size (Fig. 2). Owing to its amphoteric surface hydroxyl groups, bentonite 399 

likely acts as a buffering agent that helps maintain the microenvironmental pH surrounding 400 

probiotics in hydrogels (Bradbury & Baeyens, 2009). Additionally, differences in the initial pH 401 

of the nanocomposite and alginate hydrogels can be attributed to the high buffering capacity of 402 

bentonite (Fernandez, Baeyens, Bradbury, & Rivas, 2004; Gessa, 1973). Since we were unable 403 
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to visualize the changes in microenvironmental or cellular pH due to the inability of confocal 404 

laser to penetrate the bentonite/alginate nanocomposite hydrogels, we evaluated gastric fluid 405 

uptake using dried BA00 and BA15, to confirm that the delayed decrease in 406 

microenvironmental pH in BA15 under gastric pH conditions was due to the reduced pore size 407 

(Fig. S3). After 120 min of incubation at gastric pH, gastric fluid uptake in BA00 and BA15 408 

was 146% and 125%, respectively, verifying that delayed gastric fluid uptake enhanced LGG 409 

survival in the nanocomposite hydrogels under gastric pH conditions.  410 

 411 

Figure 5. Changes in microenvironmental pH in exfoliated bentonite/alginate nanocomposite 412 
(BA15) and alginate hydrogels (BA00). Data represent the mean ± SD (n = 3).  413 

 414 

3.6. LGG stability in exfoliated bentonite/alginate nanocomposite hydrogels 415 

Adequate viable probiotic counts must be ensured before administration to the host. Therefore, 416 

we assessed LGG stability to evaluate potential exfoliated bentonite-induced damage resulting 417 

from its paper-like edges. LGG encapsulated in BA00 or BA15 were stored at 4 °C or 25 °C 418 

for 2 weeks. There was no significant difference between BA00 and BA15 at 4 °C, suggesting 419 
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no loss of viability due to exfoliated bentonite (Fig. 6A). Interestingly, the viable LGG counts 420 

in BA15 were enhanced by 2.2 log CFU/g relative to BA00 at 25 °C (Fig. 6B). This difference 421 

was caused by an increase in the concentration of organic acids, which are the metabolic 422 

products from the probiotics and resulting from elevated metabolic activity at the higher 423 

temperature. Additionally, lower microenvironmental pH resulting from higher organic acid 424 

concentrations likely contributed to decreased viability of LGG. As previously described, 425 

exfoliated bentonite efficiently maintains the microenvironmental pH within the 426 

nanocomposite hydrogel. Notably, montmorillonite, as the main component of bentonite, is 427 

capable of trapping and removing organic acids (Mendonça et al., 2019). These findings 428 

identified no damage to encapsulated LGG due to exfoliated bentonite. Further, bentonite 429 

enhanced the stability of LGG by maintaining the microenvironmental pH. 430 

 431 

Figure 6. The LGG stability in exfoliated bentonite/alginate nanocomposite hydrogels during 432 
2 weeks of storage at (A) 4 °C and (B) 25 °C. Data represent the mean ± SD (n = 3).   433 
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3.7. Visualization of the gastrointestinal behaviors of exfoliated bentonite/alginate 434 

nanocomposite hydrogels in a mouse model 435 

The results of in vitro experiments for the evaluation of manufacturing, storage, and gastric 436 

transit highlighted the potential of the nanocomposite hydrogels as promising probiotic 437 

delivery systems. Next, we visualized the disintegration of the nanocomposite hydrogels and 438 

assessed the release of the encapsulated probiotics in mouse gastrointestinal tracts. Single beads 439 

of the nanocomposite hydrogel were administered to mice, and their gastrointestinal behavior 440 

was tracked using NIR-MPs and an IVIS (Fig. 7). Prior to oral administration, images of the 441 

hydrogel-encapsulated NIR-MPs were obtained by IVIS, with both BA00 and BA15 appearing 442 

spherical in shape. After 30 min of administration, hydrogels were observed within the stomach. 443 

BA00 and BA15 maintained their shape; however, premature release from BA00 was observed, 444 

potentially caused by the mechanical instability of the alginate hydrogel, especially in low pH 445 

conditions (Moe, Skjåk-Bræk, Elgsaeter, & Smidsrød, 1993; Mørch, Donati, Strand, & Skjåk-446 

Bræk, 2007). As the COO- group of alginate (pKa 3.38 and 3.65) transitions into COOH under 447 

gastric pH conditions, ionically cross-linked alginate hydrogel Ca2+ and COO− interactions are 448 

inhibited, thereby causing exposure of encapsulated LGG to the harsh environment of the 449 

stomach. More than 4 log CFU/g of encapsulated non-viable probiotics leaked from alginate 450 

hydrogel within 1 h of incubation at gastric pH (Cook et al., 2011). Peristalsis within the 451 

stomach and the presence of monovalent ions could also influence the premature release of 452 

LGG from alginate hydrogels under unfavorable conditions. Conversely, the mechanical 453 

stability of the nanocomposite hydrogel was enhanced due to the positive charge at the edge of 454 

the exfoliated bentonite and its interaction with negatively charged alginate (Sultan et al., 2010). 455 

This explained the relatively unaltered spherical shape of the nanocomposite hydrogel in the 456 

upper gastrointestinal tract and subsequent release of the probiotics within the targeted intestine. 457 



26 

 

After 6 h of administration, NIR-MPs were successfully released upon disintegration. Although 458 

BA15 exhibited a tight hydrogel network, it was successfully disintegrated within the small 459 

intestine because the charge of bentonite edges became negative due to deprotonation of the 460 

silanol and aluminol groups (Bourg, Sposito, & Bourg, 2007; Han et al., 2021). These results 461 

demonstrated that the nanocomposite hydrogels completely released the encapsulated LGG 462 

within the desired intestinal area following adjustment of the bentonite concentration.  463 

 464 

Figure 7. Gastrointestinal behaviors of exfoliated bentonite/alginate nanocomposite and 465 
alginate hydrogels in mice. NIR-MPs were encapsulated within the hydrogels and visualized 466 
using IVIS. White arrows indicate premature release of NIR-MPs from the hydrogels.  467 
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3.8. Ex vivo stomach survival and in vivo fecal recovery of LGG 468 

LGG survival was compared between BA15 and BA00 under in vitro conditions (Fig. 3) to 469 

observe the detrimental effect of pH on the survival of encapsulated LGG; however, the in vitro 470 

test had limitations, including the absence of gastric enzymes, such as pepsin, which can also 471 

decrease the survival of probiotics. Therefore, we evaluated the survival of encapsulated LGG 472 

via ex vivo incubation to confirm the protective effect of exfoliated bentonite/alginate 473 

nanocomposite hydrogels (BA15) in the gastric environment (Fig. 8A). We observed enhanced 474 

survival of encapsulated LGG in BA15 (93.8%) relative to that in BA00 (26.6%), which was 475 

largely attributed to the sustained microenvironmental pH surrounding the encapsulated LGG 476 

resulting from the reduced pore size (Figs. 2 and 5). The LGG survival differences between 477 

BA00 and BA15 in the ex vivo condition were smaller than those in the in vitro conditions, as 478 

the gastric pH of mice ranges between 3.0 and 4.0, which is mildly acidic (McConnell, Basit, 479 

& Murdan, 2008).  480 

We then assessed fecal recovery in mice 24 h after administration to determine whether 481 

a sufficient number of viable probiotics were retained within the gastrointestinal tract. It is 482 

worth noting that probiotics exert beneficial effects within the host gastrointestinal tract only 483 

when viable. Enumeration of LGG from feces after a certain period allows estimation of viable 484 

counts of retained probiotics within the gastrointestinal tract. Feces were carefully collected, 485 

and no colonies were detected in the non-treated group; however, the viable LGG count in 486 

BA15 (4.85 × 108 CFU/g) was approximately six-fold higher than that in BA00 (7.90 × 107 487 

CFU/g) (Fig. 8B), implying that orally administered LGG was efficiently protected within the 488 

stomach and retained in the intestine using exfoliated bentonite/alginate nanocomposite 489 
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hydrogels. These findings suggest that nanocomposite hydrogels are promising intestine-490 

targeted probiotic delivery systems.  491 

 492 

Figure 8. Ex vivo stomach survival and in vivo fecal recovery of LGG. (A) LGG survival after 493 
a 2 h incubation in ex vivo gastric fluid. (B) Fecal recovery of LGG in mice 24 h after 494 
administration.  495 
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4. Conclusion 496 

In summary, we developed exfoliated bentonite/alginate nanocomposite hydrogels for 497 

intestinal delivery of the probiotic LGG. Using ionotropic gelation, LGG was encapsulated in 498 

the nanocomposite hydrogels with minimal loss of viability achieved by a simple and mild 499 

fabrication process. We confirmed maintenance of the microenvironmental pH in the 500 

nanocomposite hydrogels and attributed the same to reduced pore size and delayed gastric fluid 501 

penetration, which enhanced the survival of the encapsulated LGG as compared with that 502 

observed in alginate hydrogels. Moreover, we found that the nanocomposite hydrogels were 503 

completely disintegrated and released LGG at intestinal pH. Results obtained from a mouse 504 

model confirmed that orally administered nanocomposite hydrogel maintained its shape in the 505 

stomach and subsequently disintegrated in a timely manner in the intestine. Furthermore, fecal 506 

recovery results showed that the viable counts of LGG in the nanocomposite hydrogels were 507 

six-fold higher than those encapsulated in alginate hydrogels. The results of this study suggest 508 

exfoliated bentonite/alginate nanocomposite hydrogels as promising vehicles for effective 509 

probiotic delivery to the intestine.  510 
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